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TURBULENCE I N  THE UPPER ATMOSPHERE 
C o  G. J u s t u s  and H,. D. Edwards 
Georgia I n s t i t u t e  of Technology 
A t l a n t a ,  Georgia  
ABSTRACT 
By d i r e c t  i n v e s t i g a t i o n  of f l u c t u a t i n g  t u r b u l e n t  v e l o c i t i e s  de t e rmined  
frGm chemical  r e l e a s e s ,  d a t a  have been o b t a i n e d  which i n d i c a t e  t h a t  t u r b u l e n c e  
c b s e r v e d  up t o  a l t i t u d e s  n e a r  105 km i s  ambient  t u r b u l e n c e ,  produced by wind 
sY8ears,  T h i s  t u r b u l e n c e  i s  i s o t r o p i c  o n l y  f o r  s c a l e s  = 1 km o r  less.  The 
s m a l i e s t  e d d i e s  a r e  on t h e  o r d e r  of 20 m i n  size w i t h  c h a r a c t e r i s t i c  v e l o c i t i e s  
ant times of  a b o u t  2 m/sec and 10 sec. 
6 kin i n  size w i t h  c h a r a c t e r i s t i c  v e l o c i t i e s  and times of a b o u t  15 m/sec and 
The l a r g e s t  e d d i e s  obse rved  a r e  a b o u t  
400 s e c ,  
a c c c u n t  f o r  t h e  ma jo r  p o r t i o n  of  a l l  v e l o c i t y  f l u c t u a t i o n s  w i t h  s i z e  s c a l e s  
I t  i s  t h o u g h t  t h a t  t i d a l  waves and g r a v i t y  wave components may 
g r e a t e r  t h a n  6 km. 
The tu rbopause ,  o r  uppe r  h e i g h t  l i m i t  of  t u r b u l e n c e  of  t h e  s c a l e s  obse rved ,  
u s u a l l y  o c c u r s  w i t h i n  f 5 km of  t h e  105 km l e v e l .  T h i s  c u t o f f  a l t i t u d e  a p p e a r s  
t o  be t h e  r e s u l t  of t h e  r a t e  of  energy s u p p l i e d  by t h e  wind s h e a r s  becoming t o o  
sma l l  t o  m a i n t a i n  t h e  t u r b u l e n c e  i n  t h e  p r e s e n c e  of a d i s s i p a t i o n  r a t e  which i s  
i n c r e a s i n g  r a p i d l y  w i t h  a l t i t u d e .  
Growth measurements on d i f f u s i n g  g l o b u l e s  produced i n  t h e  chemical  r e l e a s e  
c l o u d s  i n d i c a t e s  t h a t  t h e  B a t c h e l o r  form o f  t u r b u l e n t  d i f f u s i o n  i s  a p p l i c a b l e  
in t h i s  h e i g h t  range.  
4 
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I NTROWCTI ON 
Edwards e t  a 1  (1963)  and o t h e r  groups have r e p o r t e d  t h a t  chemical  r e l e a s e  
c l o u d s  u s u a l l y  become g l o b u l a r  i n  appearance beiow some a l t i t u d e ,  u s u a l l y  
around 105-110, 
t g r b u l e n c e  b u t  t h e r e  remains some q u e s t i o n  (Nawrccki and Papa (1963) and Cote 
'1962) 
TLrbulence o r  i s  i n  some way produced by e i t h e r  t h e  e j e c t i o n  mechanism o r  a 
I t  i s  presumed t h a t  t h e s e  g l o b u l e s  a r e  a s s o c i a t e d  w i t h  
a s  t o  whether  t h i s  t u r b u l e n c e  i s  n a t u r a l l y  o c c u r r i n g  ambient  
Veact ion of  t h e  e j e c t i o n  v e h i c l e  with t h e  ambient ,  
I n  t h e  f o l l o w i n g  r e p o r t  an a t t empt  i s  made t o  examine t h e  t u r b u l e n c e  
q u m t i t a t i v e l y ,  comparing r e s u l t s  whenever p o s s l b l e  w i t h  t h e  p r e d i c t i o n s  
o f  e x i s t i n g  t u r b u l e n c e  t h e o r i e s ,  I t  i s  hoped t h a t  t h e s e  r e s u l t s  w i l l  shed 
some l i g h t  on t h i s  problem of  t h e  e x a c t  c a u s e  of t h e  t u r b u l e n c e ,  
I n  an a t t e m p t  t o  urr i fy  t h e  t h i n k i n g  w i t h  r e g a r d  t o  t u r b u l e n c e  and 
t u i b u l e n t  e d d i e s  S t e w a r t  (1959)  proposed t h e  f o l l o w i n g  d e f i n i t i o n s :  
l ~ u r b ~ - e n ~  - ''A f l u i d  i s  s a i d  to be t u r b u l e n t  i f  e a c h  component o f  t h e  v e l o c i t y  
1 s  d i s t r i b u t e d  i r r e g u l a r l y  and a p e r i o d i c a l l y  i n  time and space ,  i f  t h e  f low i s  
- 
c h a r a c t e r i z e d  by a t r a n s f e r  o f  energy from l a r g e r  t o  s m a l l e r  s c a l e s  of motion,  
and i f  t h e  mean s e p a r a t i o n  o f  ne ighbor ing  f l u i d  p a r t i c l e s  t e n d s  t o  i n c r e a s e  
w i t h  time.'' 
Eddy - An eddy i s  
t o  t h e  mean flow. If 
volume o f  f l u i d  moving more o r  l e s s  c o h e r e n t l y  w i t h  r e s p e c t  
These d e f i n i t i o n s  e x c l u d e  from t h e  r ea lm o f  t u r b u l e n c e  such two dimen- 
s i o n a l  phenomena a s  v o r t e x  s h e e t s ,  w h i r l p o o l s ,  c o n v e c t i o n  c e l l s ,  and i n t e r n a l  
W 3 V € S  J 
T u r b u l e n t  motion i s  i n  many ways ana logous  t o  t h e  random m o l e c u l a r  motions 
r e s p o n s i b l e  f o r  t h e  phenomena of  v i s c o s i t y ,  d i f f u s i o n ,  and c o n d u c t i v i t y  i n  
5 
g a s e s ,  There a r e ,  however, s e v e r a l  d i f f e r e n c e s  between t h e s e  two t y p e s  o f  
motion.  F i r s t ,  a molecule  i s  under  t h e  i n f l u e n c e  of a v e r y  smal l  number o f  
o t h e r  molecu le s  i n  t h e  gas  and each molecule  moves a b o u t  somewhat f r e e l y ,  whereas  
a f l u i d  e l emen t  i n  t u r b u l e n t  motion canno t  move i n d e p e n d e n t l y  of t h e  g e n e r a l  
motion o f  t h e  o t h e r  f l u i d  e lements .  T u r b u l e n t  motion i s  less  random, o r  more 
o r d e r e d ,  t h a n  molecu la r  motions.  Secondly,  t u r b u l e n t  motion r e q u i r e s  a 
c o n t i n u o u s  s o u r c e  of energy  t o  ma in ta in  it. I f  t h e  a i r  i s  t h e r m a l l y  u n s t a b l e ,  
t h a t  i s ,  cool  a i r  o v e r  warm a i r ,  the  p o t e n t i a l  ene rgy  of t h e  u n s t a b l e  a r r a n g e -  
ment can supp ly  t h e  tu rbu lence .  I n  a s t a b l y  s t r a t i f i e d  r e g i o n  o f  t h e  a tmosphere ,  
such a s  t h a t  above 85 km, wind s h e a r s  p rov ide  t h e  o n l y  s o u r c e  o f  ene rgy  f o r  
ma i n t a i n i n g t u  rbu 1 e nce . 
- According t o  s t a n d a r d  tu rbu lence  t h e o r i e s  (See Townsend (1956) .  ) t h e  e d d i e s  
i n  a t u r b u l e n t  f i e l d  have a spectrum o f  s i z e s  r ang ing  from t h e  l a r g e s t  e d d i e s ,  
which a r e  be ing  s u p p l i e d  w i t h  energy from t h e  s o u r c e ,  th rough t h e  i n t e r m e d i a t e  
s i z e d  ene rgy  c o n t a i n i n g  e d d i e s  on down t o  t h e  s m a l l e s t  e d d i e s ,  which l o s e  
t h e i r  ene rgy  by t h e  e f f e c t s  o f  v i s c o s i t y .  Each eddy s i z e  i n t e r a c t s  e x t e n s i v e l y  
o n l y  w i t h  o t h e r  e d d i e s  of  ne ighbor ing  s i z e  so t h a t  e d d i e s  c o n t a i n i n g  ene rgy  
l o s e  ene rgy  t o  o n l y  s l i g h t l y  s m a l l e r  e d d i e s  which i n  t u r n  l o s e  t h e i r  ene rgy  t o  
s t i l l  s l i g h t l y  s m a l l e r  e d d i e s ,  and so on u n t i l  t h e  s m a l l e s t  eddy s i z e  i s  reached .  
The e f f e c t  of  v i s c o s i t y  i s  t o  remove ene rgy  from o n l y  one s i ze  of  e d d i e s  and n o t  
t o  r e d i s t r i b u t e  i t  among o t h e r  eddy s i z e s ,  a l though  t h e  v i s c o u s  stresses can 




"Big w h i r l s  have  l i t t l e  w h i r l s  t h a t  f e e d  on t h e i r  v e l o c i t y  
And l i t t l e  w h i r l s  have l esser  w h i r l s ,  and so  on t o  v i s c o s i t y . "  
I - L. F. Richardson  
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P r e v ~ o u s  i n v e s t i g a t o r s  haV€ € 3 ~ :  Gytd t w C  p x m r y  means o f  i n v e s t i g a t i n g  
tr.e ion0spPer;c a l t i tL tue  l f g i o n  m a r  100 krn w i t r  zeg2rd t o  t h e  e x i s t e n c e  of  
t u r b u l e n c e ,  Tmse methods a r e  (1) d l r e c t  i n v e s t i g a t i o n  of the t o r b u i e n t  
v e l o c i t y  f l u c t u a t i o n s  and ( 2 )  investigation 05 .:he d i f f u s i o n  c h a r a c t e r i s t i c s  
o f  mater ia ls  r e l e a s e d  into t h e  atmosphere,  
UP u n t i l  t h e  Freser: time t h e  f i r s t  me+l-.od ~ 3 s  been u s e d  o c l y  i n  
c o n n e c t i c n  k i t h  r2d ic  t ;Po  o b s e r v a t i o n s  c i  metecr  t r a i i s  sdch as tnose by 
Greenhow and Neuield (19593, ;939b ,  i 9 6 0 )  Here t he  i n s t a n t a n e o u s  h o r i z o n t a l  
wind i s  3 + 1-1 wr,ere - i s  t h e  m i . 3 ~ .  F o r i z o n t a ~  wn;!  de t e rmined ,  f o r  example, by 
a v e r a g i n g  a!i the wind dc:ernliPatioris c ’ ,e I  a cne  hour  Fe r i cU,  and LI is con- 
s i c e r e d  t c  be 1 . b ~  i n s t a n a n e c u s  r u r b u l e n i  wind z -u .  t J3 t ;onL  
Accurate  ne tnods  hiwe ncw been deiicioped f c r  d e t e r m n i n g  w i r , a s  by 
t r i m q u l a t i o n  and t r a c k i n g  o f  a r t i f i c i a l  cbernlcal c l o ~ a s  r e l e a s e d  i n t o  t h e  
atmcsphere by- r c c k e t s ,  
1 9 6 4 b ) -  ) 
(See Al l ; r i i t cn ,  e t  si (1902 , ;  J u s t u s ,  e t  a 1  (1564a,  
ilsir,q these zi€t’-l,cds it i s  p o s s i b l e  to n;ea?L:e i n s t a n t a r e o u s  wind 
v e i o c i t l e s  o v e r  a ra3ge cf a l r i ‘ ,uoss ,  Airelaging of rna wind d a t a  a l l o w s  t h e  
d e t e r m i n a t i o n  of  t h e  noitk,-soutb and east-best ccrnponents of  t h e  mean winds,  
U ( 2 )  and V ( z ) ,  a s  f u n c t i o n s  of  a l t i t u d e ,  2, 
wind W ( z )  i s  c o n s i d e r e d  t o  be z e r c ,  
de t e rmined  a t  a h e i g h t  z a r e  t h e n  U ( 2 )  + u ( z ) ,  V ( z )  + v ( z ) ,  and w ( z ) ,  
where u ,  v ,  and w a r e  c o n s i d e r e d  t o  be t h e  i n s t a n t a n e o u s  components o f  t h e  
The v e r t i c a l  component o f  mean 
The i n s t a n t a n e o u s  v e l o c i t y  components 
t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s ,  
The e q u i v a l e n t  n o t a t i o n  (u 
f c r  t n e  components o f  t h e  t u r b u l e n t  v e l o c i t y  
Note t h a t  w i s  n o t  n e c e s s a r i l y  z e r o ,  
u - )  i s  sometimes used  i n s t e a d  o f  (u ,  v, w )  
1’ u2’ 3 
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. 
SCALES OF THE MOTION 
V e r t i c a l  A u t o c o r r e i a t i o n  S c a l e  of t h e  Mean Winds 
S i n c e  t h e  mean winds L! ( z )  and V ( 2 )  are  n o t  s t a t i c  o r  uniform t h e r e  can  
a l s o  be s c a l e s  a s s o c i a t e d  wi th  t h e  mean wind f i e i d ,  
performed a v e r t i c a l  a u t o c o r r e l a t i o n  a n a l y s i s  on t h e  mean wind p r o f i l e  d e t e r -  
mined from v i s u a l  meteoz t r a i l s ,  Tne v e r t i c a l  a d t o c o I r e l a t i o n  c o e f f i c i e n t  
G 
L i l l e r  and Whippie (1954) 
( 6  z )  i s  g iven  by L1 
'or The U component 0% t h e  xear, wind p r o f i l e ,  
f o r  t h e  V component i s  giver! by c u b s t i t u t i o n  o f  V Tor U i n  (1)- 
( 1 )  r u n  o v e r  a l l  p a i r s  o f  d a t a  p o i n t s  s e p a r a t e d  by 3 v e r t i c a l  d i s t a n c e  b z, o r  
t h e  sums may be r e p l a c e d  by i n t e g r a t i o n  i f  U i s  c o n s i d e r e d  a s  a con t inuous  
ru r l c t ion  P h y s i c a l l y ,  t h i s  a r a i y s i s  d e t e r m i n e s  t h e  deg ree  of c o r r e l a t i o n  
b?tween t h e  wind p r o f l i e  arid t n e  wind p r o c i l e  d i s p l a c e d  by a n  amoclnt 6 z i n  
the v e r t i c a l  d i r e c t i o n - .  The  v a l u e s  of  t h e  c o e f f i c i e n t  G should s t a r t  a t +  1 
f o r  6 z = 0, go t o  0 f o r  6 z = * A ,  and on t o  - 1 f o r  b z = 8 X ,  where X i s  
t h e  v e r t i c a l  ''wave l e n g t h "  of  t h e  mean wind component p r o f i l e ,  
L i l l e r  and Whipple o b t a i n e d  an a v e r a g e  v a l u e  o f  5 ,2  km f o r  L t h e  
A c o r r e l a t i o n  c o e f f i c i e n t  
The s m s  i n  
V'  
d i s t a n c e  b z f o r  which G = 0, T h i s  v a l u e  i s  a p p l i c a b l e  f o r  t h e  h e i g h t  
r e g i o n  somewhere between 82 and 113 km, Using t h e  L i l l e r  and Whipple wind 
d a t a  Hines (1960) s u b t r a c t e d  a c o n s t a n t  s h e a r  wind from t h e  wind p r o f i l e  and 
m u l t i p l i e d  t h e  r e s i d u a l  wind by a h e i g h t  v a r y i n g  s c a l i n g  f a c t o r  t o  compensate 
f o r  t h e  i n c r e a s e  i n  a m r i i t u d e  of the wind w i t h  a l t i t u d e ,  A f t e r  t h i s  a l t e r a t i o n  
Hines o b t a i n e d  a v a l u e  of 4,O km f o r  L t h e  mod i f i ed  z e r o  a u t o c o r r e l a t i o n  v2' 
d i s t a n c e  
a 
I I 
- I  , -  
4 -  - 
I -  
, 
0 
Wind d a t a  o b t a i n e d  from about 30 chemical  r e i e a s e s  launched from E g l i n  
AFB, F l o r i d a  d u r i n g  1962 and 1963 h a s  beer, p u t  t~ v e r t i c a i  a u t o c o r r e l a t i o n  
a n a l y s i s ,  The d a t a  was broken up i n t o  t h r e e  h e i g h t  i n t e r v a l s  70-90 km, 
90-115 km, and 115-170 km, T n e  r e p r e s e n t a t i v e  mean a l t i t u d e  f o r  each h e i g h t  
range was 81 km, 104 km and 130 km, Three types o f  z e r o  a u t o c o r r e l a t i o n  l e n g t h s  
were c a l c u l a t e d :  i f o r  unmodified a a t a ,  L f o r  r e s i d u a l  winds a f t e r  sub- 
x r a c t i o n  of a r e p r e s e n t a t i v e  c o n s t a n t  s h e a r  wind, and Lvz f o r  t h e  r e s i d u a l  
wir,ds m u l t i p l i e d  by a h e i g h t  s c a l i n g  f a c t o r . .  
V VL 
F i g u r e  1 shons a t y p i c a l  s e t  o f  resb l t s  f c r  $ and G,, They were o b t a i n e d  
from a r e l e a s e  o c c u r r i n g  a t  G5:i3 CSP on 16  October  ;962 and c o v e r i n g  an 
a l t i t u d e  range o f  92-106 km,  The a L t o c o r r e l a t i o n  curve G ( 6  z )  CIosses  z e r o  
a t  L 
v 
= 8 6 km, the  c o r r e s p c n d i n g  v a l u e  f o r  C& ( 6  z )  is 7 , 5  km, 
U 
F i g u r e  2 shows t h e  ave rage  r e s u l t s  f o r  L v’ L v l ’  and Lv2 i n  each  of  t h e  
t P r e c  h e i g h t  r a n g e s -  The L i l l e r  and Whipple v a l u e  a g r e e s  wel l  w i t h  t h e  E 
a a t a  .rid t he  Hines v a l u e  show: geod agreement w i t h  ?ne L d a t a -  A 1 1  t h r e e  
i s c a l e s  snow an i n c r e a s e  i n  rragnitude w i t h  i n c r t a s i n g  a l t i t u u e ,  t h e  r a t e  c f  
i n c r e a s e  b e i n g  a b o u t  t h e  same i n  a l l  t h r e e  c a s e s ,  
V 
v2 
Zimmerman (1964) h a s  suggested t h a t  t h e  v e r t i c a l  s c a l e  of  t h e  mean winds 
i s  connected w i t h  t h e  s c a l e  h e i g h t ,  H. A graph of  H v e r s u s  a l t i t u d e  i s  a l s o  
i n c l u d e d  i n  F i g u r e  2 f o r  comparison. I t  a p p e a r s  t h a t  t h e r e  i s  r e a s o n a b l e  
correspondence between t h e  v a l u e s  f o r  L and H i n  t h e  h e i g h t  range from 
90-105 km b u t  t h e  L v a l u e s  f a l l  below t h e  v a l u e s  f o r  H i n  t h e  h e i g h t  r e g i o n s  
above and below t h i s ,  
V 
V 
--- Mc+ion Spectrum S c a l e  o f  t h e  Mean Winds 
Another method f o r  o b t a i n i n g  in fo rma t ion  a b o u t  t h e  s c a l e  o f  t h e  mean 
9 
1 .  
Figure 1. 
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Typical Vertical Autocorrelation Curve. 
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Figure 2. Vertical Autocorrelation Scales Versus Altitude. 
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. winds i s  t h e  e v a l u a t i o n  of  t h e  p o i n t  b z = L a t  which t h e  motion spectrum 
f u n c t i o n  i s  a maximum, 
a v e r a g i n g  t h e  s q u a r e  v e l o c i t y  d i f f e r e n c e s ,  t h a t  i s  
S 
The motion spectrum f u n c t i o n ,  F ( 6  z ) ,  i s  o b t a i n e d  by 
( 2 )  
2 F ( b  Z) = <  [ U (z) - U (Z + b Z) 3 > 
and s i m i l a r l y  f o r  t h e  V component, where t h e  a v e r a g e  i s  t a k e n  o v e r  a l l  d a t a  
p o l n t s  s e p a r a t e d  by a h e i g h t  d i f f e r e n c e  b z, 
Blamont and d e  J a g e r  (1961, 1962) r e p o r t  r e s u l t s  of  a motion spectrum 
a n a l y s i s  o f  f o u r  sodium t r a i l s  showing t h a t  f o r  sma l l  v a l u e s  of  b z, F ( 6  z )  
- ( b  z > "  where n = 1.4 If: 0 ,2 ,  
maxima which co r re spond  w i t h  t h e  v e r t i c a l  c o r r e l a t i o n  l e n g t h -  E v a l u a t i o n  
They a l s o  r e p o r t  t h a t  F ( a  z )  graphs  show 
o f  t h e  p o i n t  b z = L 
o f  e s t i m a t i n g  t h e  v e r t i c a l  s c a l e  of t h e  mean winds. 
a t  which t h e s e  maxima o c c u r  t h u s  p r o v i d e s  a n o t h e r  method 
S 
The chemical  r e l e a s e  wind d a t a  used  i n  t h e  v e r t i c a l  a u t o c o r r e l a t i o n  
a n a l y s i s  was a l s o  ana lyzed  i n  a s i m i l a r  f a s h i o n  f o r  motion spectrum f e a t u r e s ,  
t h e  d a t a  b e i n g  d i v i d e d  i n t o  t h r e e  h e i g h t  r a n g e s ,  rough ly ,  70 t o  9 3  km, 9 3  t o  
1 1 2  km and 112 t o  143 kin. F i g u r e  3 shows t h e  r e s u l t s  o f  a t y p i c a l  motion 
spec t rum a n a l y s i s .  These d a t a  a r e  from a r e l e a s e  o c c u r r i n g  3 December 1962 
a t  18:50 CST and a r e  v a l i d  f o r  t h e  h e i g h t  r e g i o n  112-143 km. I t  i s  s e e n  t h a t  
f o r  small 6 z t h e  exponen t  n f o r  t h e  spectrum f u n c t i o n  power law i s  1.71. 
A maximum i n  F ( b  z )  o c c u r s  a t  b z = 12 km, t h u s  L i s  1 2  km f o r  t h i s  graph. 
S 
F i g u r e  4 shows t h e  averaged r e s u l t s  of  t h e  e v a l u a t i o n  of t h e  maximum 
p o i n t  Ls f o r  each  of  t h e  t h r e e  a l t i t u d e  r e g i o n s .  
v e r t i c a l  a u t o c o r r e l a t i o n  s c a l e s ,  ag ree  w i t h  t h e  s c a l e  h e i g h t ,  e s p e c i a l l y  i n  
The Ls v a l u e s ,  l i k e  t h e  Lv 
t h e  lower  and middle  h e i g h t  r e g i o n s ,  L be ing  somewhat less  t h a n  t h e  s c a l e  
h e i g h t  i n  t h e  u p p e r  r eg ion .  
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Figure 3. Typical Motion Spectrum Curve. 
4 AVERAGE MAXIMUM POINTS OBSERVED 
HIGH REGION 
EXPONENT 1.7 t .1 
- ------- 
MIDDLE REGION 
EXPONENT 1.4 t .2 
LOW REGION 
EXPONENT 1.5 f .2 
I- 110 -------- 
2 4 6 8 10 12 14 
MAXIMUM POINT, L, (km) 
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Figure  4 a l s o  t a b u l a t e s  t h e  average exponen t s  obse rved  f o r  F ( 6  z ) ,  The 
exponen t  i s  a l m o s t  c o n s t a n t  o v e r  t h e  a l t i t u d e  range examined, i n c r e a s i n g  o n l y  
s l i g h t l y  w i t h  i n c r e a s i n g  a l t i t u d e ,  
Zimmerman (1962) h a s  p o i n t e d  o u t  t h a t  t h e  motion spectrum a n a l y s i s  by 
Blamont and d e  J a g e r  (1961), y i e l d i n g  a n  exponent  of  1.4 +, .2 i s  i n  agreement  
h i t h  t h e  s h e a r  t u r b u l e n c e  t h e o r y  of Tchen (1954) which p r e d i c t s  an exponent  of  
4/3, Zimmerman a l s o  shows t h a t  the d a t a  of  Blamont and de J a g e r  s u p p o r t  
Tchen ' s  t h e o r y  w i t h  r e g a r d  t o  t h e  e n e r g y  spec t rump 
t u r b u l e n t  ene rgy  p e r  u n i t  mass E ,  g iven  by 
He c a l c u l a t e s  t h e  a v e r a g e  
E =  I < U  2 ( z ) > - < b 2 ( z + b z ) > l  
and shows t h a t  E - b z2'3 f o r  small  b z. 
(3 )  
Roper and E l f o r d  (1963) r e p o r t  t h a t  t h e  motion spectrum f u n c t i o n  F ( a  z )  
i s  p r o p o r t i o n a l  t o  b z4'3 i f  o n l y  h e i g h t  s e p a r a t i o n  i s  c o n s i d e r e d ,  b u t  t h a t  
F j b  r )  i s  p r o p o r t i o n a l  t o  b r 
s e p a r a t i o n  b r 
2 / 2  . i f  F i s  c o n s i d e r e d  a s  a f u n c t i o n  of  t h e  t o t a l  
A n a l y s i s  of chemical r e l e a s e  wind d a t a  i s  p r e s e n t l y  underway t o  c a l c u l a t e  
F ( b  r )  and E. 
and Roper and E l f o r d .  
P r e l i m i n a r y  r e s u l t s  t e n d  t o  confirm t h e  c o n c l u s i o n s  of  Zimmerman, 
Motion Spectrum of  _ _  t h e  T u r b u l e n t  . -  Winds 
Rased on work by Kolmogoroff (1941) i t  was shown by B a t c h e l o r  (1947)  t h a t  
t h e  t u r b u l e n t  motion spectrum f u n c t i o n  
13 
. +  . - .  
obeys  t h e  r e l a t i o n s h i p  
where C i s  a n  a b s o l u t e  c o n s t a n t ,  6 r i s  t h e  magnitude o f  a and 6 r i s  
t h e  component o f  Q i n  t h e  d i r e c t i o n  o f  t h e  t u r b u l e n t  wind component u .  
S u t t o n  (1953) f o r  a summary of t he  work of Kolmogoroff and B a t c h e l o r  on t h i s  
1 1 
See 
t o p 1 c  9 
F o r  most pu rposes  & k )  may be w r i t t e n  a s  
which i s  known a s  Kolmogoroff ' s  Law. 
T u r b u l e n t  winds de t e rmined  from 13 chemical r e l e a s e s  launched from 
E g l i n  AFB, F l o r i d a  from 1959 t o  1963 have been ana lyzed  t o  de t e rmine  t h e  
a p p l i c a b i l i t y  of ( 5 )  t o  t h e  t u r b u l e n c e  o f  the u p p e r  a tmosphere,  
shown i n  F i g u r e  5, i n d i c a t e  t h a t  Kolmogoroff ' s  Law i s  n o t  fo l lowed  f o r  
6 r > 1 km.. 
The r e s u l t s ,  
CI 
The f i g u r e  i n d i c a t e s  t h a t  t h e  law may be  fo l lowed  f o r  6 r < 1 km b u t  
t h e  d a t a  p o i n t s  are  t o o  u n c e r t a i n  t o  be c o n c l u s i v e ,  Kolmogoroff ' s  Law i s  
based on t h e  assumption of  i s o t r o p i c  t u r b u l e n c e  and i t  i s  shown l a t e r  t h a t  
t h e  t u r b u l e n c e  may be  i s o t r o p i c  on ly  f o r  eddy s c a l e s  of  1 km o r  less. 
The Mixinq Lenqth S c a l e  
An ana logy  h a s  been made between m o l e c u l a r  and t u r b u l e n t  motions by 
i n t r o d u c i n g  t h e  concep t  of  mixing l e n g t h .  According t o  t h e  mixing l e n g t h  
i d e a  of  t u r b u l e n t  motion,  e d d i e s  t r a n s p o r t  momentum from one l e v e l  of  t h e  
f l o w  t o  a n o t h e r  and t h e  t r a n s p o r t  of momentum from t h e  l e v e l  z t o  t h e  l e v e l  
14 
e- 

























= t >  - - -  0 
o a  
0 
0 - 
, ’ -  z -t L produces  a f l u c t u a t i o n ,  u ,  i n  tile n e a r  V E L O C L ~ ~ ,  U , g i \ ren  by m 
a u  u = u ( 2  4- L m )  - u ( z )  * L m  
h e r e  L i s  t h e  mixing l e n g t h ,  Thus t h e  magnitude of  t h e  mixing l e n g t h  can 
be found approx ima te ly  by 
m 
U L z-- 
m a u  
(,,) 
Figure  5 shows t h e  averaged  I e s d , t s  o b t a i m a  from s e v e r a l  chemical  r e i e a s e s  
The mixing l e n g t h  s c a l e  i s  seen  t o  remain f a i r l y  ccns-cant from 92 t o  108 km a t  
a v a l u e  c l o s e  t o  0.8 km and t h e n  i n c r e a s e  r a p i d l y  above :U8 km to abou t  3 ,3  km 
a t  112 km a l t i t u d e ,  
- S c a l e  o f  t h e  S m a l l e s t  Eddies  
S tanda rd  t h e o r i e s  of homogeneous t u r b u l e n c e  p r o v i d e  a method of  e v a l u a t i n g  
t h e  s c a l e  of  t h e  s m a i l e s t , e n e r g y  d i s s i p a t i n g  e d d i e s .  The s i z e  o i  t h e s e  e d d i e s ,  
l e  3 snould  be g iven  by 
where ’1 i s  t h e  k inemat i c  v i s c o s i t y  o f  t h e  atmosphere,  and E i s  e i t h e r  t h e  r a t e ,  
a t  which t h e  wind s h e a r s  supply e n e r g y  t o  t h e  t u r b u l e n c e  o r  t h e  r a t e ,  e t ,  
a t  which t h e  t u r b u l e n c e  i s  d i s s i p a t i n g  ene rgy  a s  h e a t ,  F o r  i s o t r o p i c  t u r b u l e n c e  
E i s  presumed t o  he approximate ly  e q u a l  t o  E The k i n e m a t i c  v i s c o s i t y  can 
b e  e v a l u a t e d  up t o  a h e i g h t  of  90 km from v a i u e s  g iven  i n  t h e  U. S. S t anda rd  
Atmosphere (1962)  and above t h i s  a l t i t u d e  from t h e  formula used  f o r  g e n e r a t i n g  
t h e  S tanda rd  Atmosphere t a b l e s  
&S’ 
S to  
1 6  
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(m2/sec) ( 9 )  
0 where = 1.458 x 
t u r e  and d e n s i t y  i n  
S = 110.4 
K and kg/m . 
Actua l  e v a l u a t i o n s  of e t  and 
same th roughou t  t h e  uppe r  atmosphere.  
e v a l u a t i o n  of t h e s e  p a r a m e t e r s , )  
from F, 
t h e  o r d e r  of 10 m and t h a t  1 e i s  i n c r e a s i n g  i n  magnatude wi th  i n c r e a s i n g  
a 1  ti t u d e  E 
K ,  and T and p a r e  t h e  a tmospher ic  tempera- 
0 3 
show t h a t  t h e s e  q u a n t i t i e s  a r e  n o t  t h e  
(See l a t e r  s e c t i o n s  of t h i s  r e p o r t  f o r  
T a b l e s  1 and 2 show v a l u e s  of le c a l c u l a t e d  
Both sets of v a l u e s  show t h a t  le i s  of  and ct  f o r  t h r e e  a l t i t u d e s .  S 
TABLE I 
VALUES OF 1 USING E s  
e 




5 .7  0.30 5 
28 0.37 1 6  100 I 
120 0.46 44 108 
TABLE 2 
VALUES OF le USING 
He igh t  
0 









1.1 35 108 120 
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-. CorrelqjLor; S c a l e s  of  t h e  T u r b u i e n t  Ve_l_ocities 
The g e n e r a l  d o u b l e - v e l o c i t y  c o r r e l a t i o n  c o e f f i c i e n t  g (5; 2) i s  given 
i J  
by 
where now & i s  t h e  p o s i t i o n  v e c t o r  (xl, x2, x3,), 2 i s  t h e  v e c t o r  (r l ,  r2, r3) 
and u u u a r e  t h e  ccmponents of t h e  t u r b u l e n t  v e l o c i t y  p r e v i o u s l y  deno ted  
by u ,  v ,  and w, and t h e  mean v a l u e s  a r e  t a k e n  w i t h  r e s p e c t  t o  time, A s  s e e n  
1’ 2’ 3 
from t h e  d e f i n i n g  formula,  t h e  c o r r e l a t i o n  c o e f f i c i E n t  g i j  ( E ;  - r )  s e r v e s  a s  a 
measure o f  t h e  d e g r e e  o f  c o r r e l a t i o n  between t h e  t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s  
u 
approaches  0 a s  1x1 approaches t h e  s i z e  of  t h e  l a r g e s t  e d d i e s .  
(2) and u j  (2 + z ) ,  and t h e r e f o r e  g i i j  (5; 2) = l f o r  = 0 and g i j  (x; 2 )  
Of s p e c i a l  i n t e r e s t  a r e  t h e  p a r t i c u l a r  s e t  of one-dimensional c o r r e l a t i o n  
C o e f f i c i e n t s  g 
t h e  c o r r e l a t i o n  c o e f i l c i e n t s  a r e  presumed t o  be independen t  of  t h e  p o s i t i o n  i n  
t h e  t u r b u l e n t  f i e l d ,  t h e  c o e f f i c i e n t s  may be deno ted  by gii ( r ,  0, 01, 
g i  i 
i s o t r o p i c  t h e  c o e f f i c i e n t  may be c h a r a c t e r i z e d  by t h e  s i n g l e  f u n c t i o n  g ( r )  
(5;  r ,  0, O), gii (5; 0, i, 0 )  and gii (x; 0 ,  0, r )  o r ,  if  ii  
(0, r, 0 )  and gii (0 ,  0, r ) .  I f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s  a l s o  
g i v e n  by I 
An i n t e g r a l  s c a l e  o f  t h e  t u r b u l e n t  motion,  L.  i s  d e f i n e d  t o  be 
1 




The s c a l e  o f  t h e  l a r g e s t  e d d i e s  may be d e f i n e d  a s  t h e  p o i n t  r = Lo a t  which 
g ( r )  i s  f i r s t  z e r o ,  o r ,  more l o o s e l y ,  t h e  p o i n t  Lo a t  which a n  e x t r a p o l a t f o n  
of  g ( r )  i s  ze ro  shou ld  g ( r )  remain p o s i t i v e ,  
I t  can be shown ( T a y l o r  (1938) ) t h a t  t o  second o r d e r  in 'r, g ( r )  i s  
g i v e n  by 
< ( U ) * >  2 -  2 g ( r )  = a r  I: - 1 - 2  
L 2  
P 
2 
2 < u  > 
wi?ere u is tke t u r b u l e n t  v e l o c i t y  component i n  t h e  a p p r o p r i a t E  a i r e c t i o n  t c  
i s  t h e  d i s s i p a t i o n  l e n g t h  pa rame te r ,  
t h a n  t h e  s c a l e  of t h e  S m a l l e s t ,  energy d i s s i p a t i n g  e d d i e s ,  
co r re spond ing  t o  e d d i e s  which c o n t a i n  a n e g l i g i b l e  p o r t i o n  o f  t h e  t o t a l  ene rgy  
and a r e  r e s p o n s i b l e  f o r  a n e g l i g i b l e  p a r t  of t h e  t o t a l  d i s s i p a t i o n  of e n e r g y  
L P is c o n s i d e r a b l y  l a r g e r  i n  magnitude 
L is a l e n g t h  
I P I 
a s  h e a t .  
Townsend ( 1 9 5 4 )  g i v e s  a r e l a t i o n  showing t h a t  t h e  s c a l e  of  t h e  d i s s i p a t i n g  
e d d i e s ,  h e r e  deno ted  by IC, i s  given by I 
A s  an approx ima t ion  t o  gii (r, 0, O ) ,  gii ( 0 ,  r, 0 )  and gii ( 0 ,  0 ,  r )  
f o r  i = 1, 2 ( t h e  h o r i z o n t a l  components), Greenhow and Neufeld (1959b) 
c a l c u l a t e d  
20 
.. . .  
.. . . 
~ - -  where,  h e r e ,  u '  i s  t h e  h o r i z o n t a l  component o f  t h e  t u r b u l e n t  v e l o c i t y  a s  
d e f i n e d  i n  t h e  i n t r o d u c t i o n  f o r  the meteor  t y p e  d a t a ,  2 i s  t h e  v e c t o r  w i t h  
magnitude r and v e r t i c a l  component i ,  and t h e  summations e x t e n d  o v e r  a l l  
p o s i t i o n s  _x a t  which wind d e t e r m i r a t i o n s  were made, 
Greenhow and Neufeld p l o t  t h e i r  d e t e r m i n a t i o n  of g ( r ,  z )  v e r s u s  bo th  
r and z and conclude from t h e s e  graphs t h a t  t h e  v e r t i c a l  s c a i e  of  t h e  l a r g e s t  
e d d i e s  i s  6 km- They r e p o r t  t n a t  c c n s i d e r a t l o n  of  echo p a i r s  of t h e  same 
n e i g b t  s e p a r a t i o n  but  d i f f e r e n t  n o r i z o n t a i  s e p a r a t i o n s  i e a d s  t o  a h o r i z o n t a l  
r a t e  of  decay i n  t h e  c o r r e l a t i o n  which i n d i c a t e s  a h o r i z o n t a l  s c a l e  of t h e  
o r d e r  of 100 t o  200 km. Using 150 km f o r  t h e i r  v a l u e  of  L and 2.4 km a s  t h e i r  
v a l u e  o f  L , t h e y  deduce from (14) a s ize  1 
0 
=r 50 m f o r  t h e  s m a l l e r  e d d i e s -  P C 
Wind d a t a  from 13 cnemicai r e i e a s e s  l a m c h e d  from E g l i n  AFB, F l o r i d a  
between 1959 and 1963 have beer, uEed t o  c a l c u l a t e  c o r r e l a t i o n  c o e f f i c i e n t s  
a c a l c g c u s  IO t h e  Greenhorn and Neufeld apprcx ima t ion  by computing g ( r ,  z )  by 
(15),  where now u '  . s t a n d s  f o r  t h e  h o r i z o n t a l  component of t h e  t u r b u l e n t  v e l o c i t y  
(u2 + v ) 2 &  w i t h  a + o r  - s i g n  a t t a c h e d  a c c o r d i n g  t o  whe the r  t h e  magnitude o f  
t h e  i n s t a n t a n e o u s  wind i s  g r e a t e r  o r  less t h a n  t h e  magnitude of  t h e  mean wind. 
A h o r i z o n t a l  c o r r e l a t i o n  c o e f f i c i e n t  g ( r ,  h )  can  be d e f i n e d  by 
where 2' i s  a v e c t o r  w i t h  magnitude r and h o r i z o n t a l  component h ,  and t h e  
summation e x t e n d s  ove1 a i l  p o s i t i o n s  5 f o r  which wind d a t a  were o b t a i n e d  such 
t h a t  z ,  t h e  v e r t i c a l  component o f  r ' ,  i s  l e s s  t h a n  1 km. Thus g ( r ,  h )  i s  an 
21 
(0 ,  r ,  0 )  and shou ld  y i e l d  i n f o r m a t i o n  'i 1 approx ima t i cn  t o  g. (r, 0, 0) o r  
c o n c e r n i n g  t n e  h o r i z o n t a l  s c a i e  of t h e  e d d i e s  
ii 
F i g u r e  7 a r d  8 show t h e  averaged results of  g (r, z )  v e r s u s  z and g (r, h )  
v e r s u s  h c  Both c o e f f i c i e n t s  t e n d  t o  z e r o  a t  abou t  6 km, conf i rming  t h e  6 km 
v e r t i c a l  s c a l e  deduced by  Greenhow and Neufeld b u t  i n d i c a t i n g  an e q u a l  6 km 
h o r i z c n t a i  s c a l e  i n s t e a d  of  t h e i r  100-200 K m  v a l u e *  
The k o r i z o n t a l  s c a l e  of  t h e  mean winds,  t h a t  i s  t h e  h o r i z o n t a l  d i s t a n c e  
c v e r  which t h e  mean wind p r o f i l e  ma in ta ins  some d e g r e e  of  c o r r e l a t i o n ,  i s  
c e r t a i n l y  g r e a t e r  t h a n  100 km, S:multaneous wind d a t a  o b t a i n e d  from s e p a r a t e  
chemical  r e l e a s e  c l o u d s  some lo0 krn a p a r t  i n d i c a t e  t h a t  t h i s  s c a l e  may be of  
t h e  o r d e r  of 1000 km, s i n c e  t h e  wind p r o f i l e s  s t i l l  have a p c s i t i v e  c o r r e l a t i o n  
of  a b o u t  0 - 9  f o r  t h i s  100 km s e p a r a t i o n r  I t  could be t h a t  t h e  h o r i z o n t a l  s c a l e  
t h a t  Greenhow and Neufeld r e p c r t e d  was more n e a r l y  t h e  s c a l e  of  t h e  mean winds 
t h a n  t h e  $tale of  t h e  t u r b u l e n t  winds- T h i s  d i s c r e p a n c y  might r e s u l t  from 
t 
t h e i r  method of d e f i n i n g  t h e  t u r b u l e n t  components, which d i f f e r s  from t h e  
d e f i n i t i c n  used w i t h  r ega rd  t o  t h e  chemical r e l e a s e  wind d e t e r m i n a t i o n s ,  
C o r r e l a t i o n  c o e f f i c i e n t s  s i m i l a r  t o  t h o s e  i n  F i g u r e  7 and 8 b u t  c a l c u l a t e d  
by u s i n g  w, t h e  v e r t i c a l  component of  t h e  t u r b u l e n t  v e l o c i t y ,  i n  (15) and (16)  
i n s t e a d  of  t h e  h o r i z o n t a l  component do n o t  show a s imilar  f a l l  o f f  i n  t h e  
c o r r e l a t i o n .  
t h a t  a s  a n e x t  approx ima t ion  t o  the  a c t u a l  one-dimensional  c o r r e l a t i o n  co- 
e f f i c i e n t s  t h e  q u a n t i t i e s  g (r, h )  and g ( r ,  z )  can be e v a l u a t e d  u s i n g  complete  
se t  o f  components u ,  v ,  and w i n  (15)  and (16) i n s t e a d  of  o n l y  h o r i z o n t a l  and 
v e r t i c a l  components u '  and w. 
F u r t h e r  i n v e s t i g a t i o n  of  t h i s  i s  planned and i t  i s  a l s o  planned 
I f  t h e  d a t a  from F igure  7 i s  used t o  e s t i m a t e  t h e  i n t e g r a l  s c a l e  o f  
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2 meter L i s  t h e  p o i n t  where a pa rabo la  g ( h )  = 1 - z /L 2 p a s s e s  th5ough 
P P 
z e r o -  I f  t h e  d a t a  p o i n t  z = 0 , 5  krn, g = 0,27 i s  used  from F i g u r e  7 t h e n  
1 - 2 2 
P = (1 -zg (d) = 0,6 km 
T h i s  v a l u e  d i s a g r e e s  somewhat w i t h  t h e  Greenhow and Neufeld v a l u e  o f  2.4 km 
because t h e  d a t a  p o i n t s  of t h e i r  c o r r e l a t i o n  cu rve  approach t h e  v a l u e  g = 1 
more c l o s e l y  f o r  sma l l  z. The f a c t  t h a t  t h e  d a t a  p o i n t s  s e e n  i n  F i g u r e s  7 and 
8 do n o t  seem t o  approach g = 1 f o r  z and h approach ing  z e r o  may be due t o  t h e  
f a c t  t h a t  3n e x t i m a t e d  r,m,s. error of abou t  3 - 5 m/sec is p r e s e n t  i n  a i l  o f  
t h e  wind d e t e r m i n a t i o n s  from t h e  chemical r e l e a s e s  whereas t h e  r,m.s, v a l u e  o f  
t5e magnitude cf t h e  t u r b u l e n t  w i n d s  i s  abou t  16 m/sec. S i n c e  t h e  e r r o r s  con- 
s t i t u t e  such a s u b s t a n t i a l  pe rcen tage  of  t h e  f l u c t u a t i o n s  b e i n g  observed t h e r e  
' *  may be  some degree  of  d e s t r u c t i o n  of c o r r e l a t i o n  because o f  t h e  e r r o r s .  How- 
e v e r  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  F i g u r e s  7 and 8 show t h e  same q u a n t a t i v e  
shape a s  c o r r e l a t i o n  c o e f f i c i e n t s  c a l c u l a t e d  by Townsend (1956) f o r  a f i e l d  
of  t u r b u i e n c e  i n  whicn there  a r e  only two d i s t i n c t  eddy s izes-  
I f  t h e  v a l u e s  L = 0,6 km and Lo = 6 km a r e  used  I n  (14) t h e  r e s u l t a n t  
P 
v a l u e  f o r  1 i s  18 m. T h i s  v a l u e  f i t s  i n t o  t h e  range of  v a l u e s  shown i n  
T a b l e s  1 and 2 f o r  t h e  s i z e  of  t h e  smallest e d d i e s .  From t h e  f a c t  t h a t  a 
s c a l e  L o f  abou t  6 km r e s u l t s  from b o t h  F i g u r e  7 and F i g u r e  8 d a t a  i t  would 
seem t h a t  t h e  t u r b u l e n c e  i s  a l m o s t  i s o t r o p i c ,  however, Dougherty (1961)  h a s  
C 
0 
shown t h a t  t h e  t u r b u l e n c e  shou ld  be i s o t r o p i c  o n l y  i n  t h e  range from 1 t o  
l ie  
a b o u t  20 m, and l i  i s  given by 
C 
The magnitude o f  lc ,  t h e  s c a l e  o f  t h e  s m a l l e s t  e d d i e s  h a s  been s e e n  t o  be  
1. = 
1 0 3/2 
9 
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. 
where 8 a g a i n  i s  t h e  r a t e  of  t u r b u l e n t  ene rgy  d i s s i p a t i o n  and o i s  t h e  
B r u n t  Vai s a l a  f r e q u e n c y  given by 
t' 9 
11 I1  11 
w h e r e  T i s  t e m p e r a t u r e ,  g i s  t h e  a c c e l e r a t i o n  o f  g r a v i t y ,  z i s  t h e  v e r t i c a l  
c o o r d i n a t e  and C i s  t h e  s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e ,  
i s  based on B o l g i a n o ' s  t h e o r y  (i959, 1'960) which h y p o t h e s i z e s  t h a t  t h e  i s o t r o p i c  
The r e s u l t  (18) 
P 
i n e r t i a l  subrange ex is t s  o n l y  f o r  s c a l e s  between 1 
bouyancy subrange e x i s t s  f o r  s c a l e s  between 1 
be ccmputed a r e  a v a i l a b l e  i n  t h e  U.  S. S t anda rd  Atmosphere (1962) .  Using t h e s e  
v a i u e s  o i s  a b o u t  2,4 x 10 
Tab le  3 l i s t s  v a l u e s  f o r  1 f o r  s e v e r a l  a l t i t u d e s ,  a s  de t e rmined  by v a i u e s  of  i 
and l i ,  and t h a t  an a n i s o t r o p i c  
C 
and lb,  Data from which N can i 
- 2  sec-'  f o r  9 0  km < z < l i 5  km. Using t h i s  v a l u e ,  
9 
from d a t a  p r e s e n t e d  l a t e r  i n  t h i s  p a p e r ,  

















Thus, i f  t h e  v a l u e s  o f  Tab le  3 a r e  c o r r e c t ,  t h e  t u r b u l e n c e  can be  i s o t r o p i c  
o n l y  f o r  t h e  s m a l l e r  s ize  e d d i e s  and indeed  t h e r e  i s  e s s e n t i a l l y  no i s o t r o p i c  
subrange below a b o u t  90 km. However, many g l o b u l e s  i n  t h e  h e i g h t  r e g i o n  92-108 
25 
I - -  km remain approx ima te ly  s p h e r i c a l  up to s izes  o f  l k m  o r  g r e a t e r ,  b u t  some of 
t h e  g l o b u i e s  l a r g e r  t h a n  1 km do become s t r e t c h e d  i n t o  e l l i p t i c a l  shapes ,  
T h e r e f o r e  a more r e a l i s t i c  va lue  f o r  t h e  s c a l e  of  i s o t r o p y  may be abou t  1 km 
th roughou t  t h e  e n t i r e  h e i g h t  reg ion  90-110 km. 
Qlzs iDa t ion  Lencrth Parameter  from T u r b u l e n t  Winds 
Actua l  d a t a  on t h e  t u r b u l e n t  wind compcnents u ,  v and w a l l o w  t h e  c a l -  
c i l l a t i o n  of tne  
(13) 
L =  t 
d i s s i p a t i o n  i eng lh  pa rame te r ,  now c a l l e d  Lt, by t h e  r e l a t i o n  
and s i m i l a r  r e l a t i o n s  o b t a i n e d  by r e p l a c i n g  u by v o r  w and x by y o r  z, 
Here t h e  p a r t i a l  d e r i v a t i v e s  have t c  be e s t i m a t e d  by r a t i o s  c f  f i n i t e  d i f f e r e n c e s  
A u and A x. 
Wind d a t a  o b t a i n e d  frcm 13 chemical r e i e a s e s  shows an average  v a l u e  f o r  
L o f  0 - 6 5  km, i n  v e r y  good agreement w i t h  t h e  v a i u e  o f  L t h e  d i s s i p a t i o n  
l e n g t h  pa rame te r  de te rmined  from the c o r r e l a t i o n  c o e f f i c i e n t  d a t a .  
t P' 
Globule  S i z e  S c a l e s  and t h e  Globule  Cut-off  A l t i t u d e  
From o b s e r v a t i o n s  on sodium t r a i l  r e l e a s e s  n e a r  100 km Blamont and de  
J a g e r  (1961, 1962)  r e p o r t  g l o b u l e s  r ang ing  i n  s ize  from 70 meters t o  1 km, 
w i t h  an  average  s i z e  of  0.5 km. Globule s i z e  d a t a  h a s  been o b t a i n e d  from 13 
chemical  r e l e a s e s  ( p r i m a r i l y  Cesium Nitrate-Aluminum) launched  from E g l i n  A F B  
F l o r i d a  between 1959 and 1963. Globules  s m a l l e r  t h a n  a b o u t  200 meters cou ld  




of  209 s e p a r a t e  g l o b u l e s  w i t h  d i ame te r s  g r e a t e r  t h a n  200 meters was o b t a i n e d .  
F ive  of  t h e  r e l e a s e s  had s u f f i c i e n t  numbers of g l o b u l e s  s o  t h a t - a  s ize  spectrum 
cou ld  be de t e rmined ,  t h a t  i s ,  the number o f  g l o b u l e s  o f  a g iven  size cou ld  be 
p l o t t e d  a g a i n s t  g l o b u l e  d i ame te r s ,  
A l l  f i v e  o f  t h e s e  s i z e  spectrum p l o t s  have a peak a t  O , 7  km, and one 
h a s  a n  a d d i t i o n a l  peak a t  1 , 2  km. Tne peak a t  1 - 2  km Occurs because Gf 
l a r g e r  g l o b u l e s  a p p e a r i n g  i n  t h e  h e i g h t  r e g i o n  104-i08 km, A l a r q e  number 
of  t h e  i n d i v i d u a l  growth c u r v e s  o f  t h e  g l o b u l e s  l e v e l  o f f  a t  a d i a m t e r  o f  
a b o u t  0.7 km ( o r  a t  1 .2  km f o r  t h e  h i g h e r  o n e s )  and t h e n  c o n t i n u e  t o  i n c r e a s e  
(nGte F i g u r e  9 ) .  Thus t h e  r eason  f o r  t h e  peaks  i n  t h e  spectrum p i o t s  i s  t h a t  
t h e  grovving g l o b u l e s  t e n d  t o  spend more time a t  v i s  i e v e l i n g  o f f  d i a m e t e r  
t h a r  a t  o t h e r  s i z e s ,  T h i s  l e v e l i n g  o f f  s c a l e  f c r  the g l o b u l e s ,  , i l l u s t r a t e d  
i n  F i g u r e  10, i n c r e a s e s  from 0,4 km a t  97* km a l t i t u d e  t o  0,75 km a t  9 9  km and 
Ld 
remains c o n s t a n t  u n t i l  a t  106 km it b e g i n s  t o  i n c r e a s e  a g a i n  and r e a c h e s  1 . 6  
km a t  a h e i g h t  o f  112 km, T ~ E  mechanism t h a t  p roduces  t h i s  i e v e l i n g  o r f  i n  
t h e  growth cu rve  i s  n o t  known a t  t h e  p r e s e n t ,  
The g l o b u l a r  appearance of t h e  chemical  r e l e a s e s  c e a s e s  a t  some a l t i t u d e ,  
Ht ,  c a l l e d  t h e  tu rbopause  a l t i t u d e ,  between 100 and 115 km. 
releases ( i . e .  chemica l s  r e l e a s e d  e x p l o s i v e l y  a t  one o r  more p o i n t s )  and 
B o t h p o i n t  
t r a i l  r e l e a s e s  which covered a n  a l t i t u d e  r ange  i n c l u d i n g  H e x h i b i t e d  g l o b u l e s  
on t h a t  p a r t  o f  t h e  c loud  below Ht and were smooth above H 
t 
t' Blamont (1960)  
r e p o r t e d  H t o  be a t  102 km, and Manring (1962) a t  1 0 2  5 4 km. 
56 o b s e r v a t i o n s  on 19 chemical releases showed H t o  l i e  between t h e  limits 
96 and 115 km w i t h  an ave rage  of 106 +_ 4 r m s .  
A t o t a l  of  t 
t 
Two of t h e  r e l e a s e s  produced one t r a i l  a s  t h e  r o c k e t  ascended and a n o t h e r  
t r a i l  a s  t h e  r o c k e t  descended. The up t r a i l s  o f  t h e s e  two r e l e a s e s  showed 
27 
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t o  be i 0 6 > 5  and 107.0 km, and t h e  down t r a i l s  i n d i c a t e a  H v a l u e s  ci 10493  
t t 
t and 105-2  km. I n  b o t h  c a s e s  H on t n e  down t r a i l  showed a s h i f t  ox 2 krn aown- 
ward w i t h  r e s p e c t  t o  t h e  up t r a i l ,  T h i s  may n o t  be s i g n i f i c a n t  because s o l i d  
p a r t i c l e s  which fo l lowed  t h e  t r a j e c t o r y  and r e e n t e r e d  t h e  atmosphere made t h e  
down t r a i l s  a t  i-I more d i f f i c u l t  t o  obse rve  and so t h e  down t r a i l  v a l u e s  a r e  
much l e s s  a c c u r a t e -  I t  i s  i n t e r e s t i n g  t o  Rote,  however, t h a t  t h e r e  a p p e a r s  
LC be abou t  a 2 km downward s h i f t  o f  t h e  wind p a t t e r n  of  t h e  down t r a i l  w i t h  
r e s p e c t  t o  t h e  up t r a i l ,  and t h i s  apparent,  s h i f t  I n  Fi may be a s s o c i a t e d  w i t h  
t1.e s i m i l a r  s h i f t  i n  t n e  wind p r o f i l e - .  
t 
t 
&me S c a l e s  of  t he  Motion 
I n  a d d i t i o n  t o  s i z e  s c a l e s  of the motion one can speak of time s c a l e s  
o f  t h e  motion. The time s c a l e  of a p a r t i c u l a r  s i z e  s c a l e  o f  eddy would 
be t h e  time o v e r  which t h a t  s i a e  eddy m a i n t a i n s  i t s  i d e n t i t y ,  o r  t h e  
time o v e r  wc:icr. t h e  t u r b u l e n t  v e l o c i t y  f i u c t u a t i o n s  m a i n t a i n  some degree  c f  
c o r r e l a t i o n .  The s i z e  s c a l e ,  L ,  tk.e time s c a l e ,  t. and t h e  c h a r a c t e r i s t i c  
v e l o c i t y  f l u c t u a t i o n ,  v,  o f  t h e  eddy shou ld  be r e l a t e d  by 
1’ 
1 L = v t  
a c c o r d i n g  t o  B a t c h e l o r  (1953) e 
The time c o r r e l a t i o n  c o e f f i c i e n t  o f ,  s a y ,  t h e  u component of t u r b u l e n t  
v e l o c i t y  would be 
2 r ( t )  ( t +  t )  1 
2 2 8 g ( 6  t) = [ C u  ( t )  C u  ( t +  a t ) ]  
where t h e  summations t x t e n d  o v e r  a l l  o b s e r v a t i o n s  s e p a r a t e d  by a time i n t e r v a l  
b t. 
30 
4 . .  -. - 
Greenhow and Neufeld (195933, 1960)  r e p o r t  r e s u l t s  of an a n a l y s i s  u s i n g  
(22 )  t o  c a l c u l a t e  time c o r r e l a t i o n  o f  t h e  t u r b u l e n t  winds. 
t h e  winds were averaged o v e r  twenty minute  i n t e r v a l s ,  a harmonic a n a l y s i s  
was made of t h e s e  winds t o  de t e rmine  p r e v a i l i n g ,  d i u r n a l  and semi -d iu rna l  
ccmpcnents, and t h e  t u r b u l e n t  winds were d e f i n e d  a s  t h e  r e s i d u a l  from t h e  
20 minute  ave rage  winds a f t e r  s u b t r a c t i n g  o f f  t h e  harmonic f u n c t i o n s .  The 
f i r s t  z e r o  of tne time c o r r e l a t i o n  c o e f f i c i e n t  i s  a t  b t = 100 min a c c o r d i n g  
t o  t h e  Greenhow and Neufeld d a t a .  T h i s  v a l u e ,  t h e y  p o i n t  o u t ,  v e r i f i e s  ( 2 1 )  
i f  3ne u s e s  L = 150 km and v = 25 m/sec which a r e  a p p r o p r i a t e  f i g u r e s  f o r  
t h e  l a r g e  e d d i e s  a c c o r d i n g  t o  t h e i r  d a t a ,  
I n  t h i s  a n a l y s i s  
Again, however, t h e  d e f i n i t i o n  of  t u r b u l e n t  winds employed by Greenhow 
and Neufeld may mean t h a t  t h e i r  va lue  f o r  tl a p p l i e s  n o t  t o  t h e  t u r b u l e n t  
winds b u t  more c l o s e l y  t o  t h e  mean winds. The d a t a  o f  Greenhow and  Neufeld 
(1956, 1960)  a s  wel l  a s  o t h e r  meteor i n v e s t i g a t i o n s  i n d i c a t e  t h a t  t h e  semi- 
a i u r n a l  component i s  t h e  one of l a r g e s t  magnitude.. T h i s  i s  confirmed by 
o b s e r v a t i o n s  by Rosenberg and Edwards (1964)  of  winds th roughou t  t h e  n i g h t  
de t e rmined  by a series of chemical r e l e a s e  t r a i l s .  The semi -d iu rna l  component, 
hav ing  a p e r i o d  of  12 h o u r s ,  would have a z e r o  on t h e  time c o r r e l a t i o n  cu rve  
f o r  b t = 3 h r s  = 180 min. Ac tua l  c a l c u l a t i o n  of  t h e  time c o r r e l a t i o n  co- 
e f f i c i e n t  from t h e  chemical  r e l e a s e  wind d a t a  shows t h a t  t h e  f i r s t  z e r o  on 
t h e  c o r r e l a t i o n  c u r v e  of t h e  mean winds i s  a t  a b o u t  200 min. 
I f  w e  assume (21)  i s  v a l i d  and use L = 6 km and v = 15 m/sec a s  i n d i c a t e d  
by t h e  chemical r e l e a s e  d a t a  t h e n  t 2 400 sec .  I n v e s t i g a t i o n  i s  underway 
t o  d e t e r m i n e  i f  mo t ions  of  t h i s  t ime s c a l e  a r e  d e t e c t a b l e .  
1 
The time s c a l e ,  7 ,  of t h e  s m a l l e s t  e d d i e s  can  be de te rmined  b y  a n  e q u a t i o n  
31 
complementary t o  ( 8 )  
where,  a s  i n  ( 8 ) ,  7 i s  t h e  k inemat ic  v i s c o s i t y  and s i s  e i t h e r  C_ 
ene rgy  d i s s i p a t e d  a s  h e a t ,  o r  F t h e  ene rgy  s u p p l i e d  by t h e  s h e a r s .  Tab le s  
4 and 5 show s e v e r a l  v a l u e s  o f  ‘I: deduced from both  E and s f o r  t h e  h e i g h t  
range  92-108 km. Both t a b l e s  show T t o  be on t h e  o r d e r  o f  10 s e c  o v e r  t h i s  
h e i g h t  i n t e r v a l .  The v a l u e s  given f o r  t h e  v e l o c i t y  f l u c t u a t i o n s ,  ve,  o f  t h e  
sma l l  e d d i e s  a r e  c a l c u l a t e d  from ( 2 1 )  u s i n g  t h e  a p p r o p r i a t e  s i z e  s c a l e s  from 
Tab les  1 and 2. 




VALUES OF T FROM 
Height  
0 
9 2  5.7 0.30 
T V e 
( s e c )  (m/se c ) 
4 1 
100 28 0.37 9 2 
108 120  0.46 1 6  3 
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TABLE 5 
VALUES OF z FROM Ft 






( s e c  1 
22 
\I 
(misec )  
0 5  5 - 7  0 ,012  
28 0,14 14 
120 1.1 i o  3 
SUMMARY 
Table  6 ana 7 g i v e  a summary of t h e  v a r i o u s  s l z e  s c a l e s  of  :he I ~ , L 5 c n  
and t a b u l a t e  t h e i r  magnitudes o r  range of v a l u e s  i n  t h e  i n d i c a t e d  k e i g b t  
i n t e r v a l ,  I f  no h e i g h t  i n t e r v a l  i s  i n d i c a t e d  t h e  a p p l i c a b l e  i n t e r v a l  1 5  
p r o b a b l y  90-110 kin, 
TABLE 6 
SIZE SCALES OF THE MEAN MOTION 
S ca 1 e D e s c r i p t i o n  Symbol Used Maqni t u d e  
i k m )  
He iqh t  Ranqe 
( k m )  
H o r i z o n t a l  S c a l e  150 - 1000 
8 . 6  
6'5 
4.5 
1 2 - 0  
-= 90 
81 
8 3  
- 140 
V e r t i c a l  
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i .  
The motion h a s  been s e p a r a t e d  h e r e  i n t o  mean winds and t u r b u l e n t  f l u c t u a t -  
i o n s ,  However i f  no r e s t r i c t i n g  c o n d i t i o n s  were imposed on t h e  f low f i e l d ,  
motions c o n s i d e r e d  h e r e  a s  mean winds could ( a f t e r  s u b s t r a c t i n g  o f f  any t i d a l  
o r  o t h e r  non-random components) be c o n s i d e r e d  a s  t h e  t u r b u l e n t  component f o r  
h i g h e r  o r d e r  s ize  and time s c a l e  e d d i e s ,  
If a f l u i d  e l emen t  i s  d i s p l a c e d  a sma l l  amount from i t s  e q u i l i b r i u m  
p o s i t i o n ,  i t  e x p e r i e n c e s  a r e s t o r i n g  f o r c e  which produces a harmonic motion 
w i t h  a n a t u r a l  f r equency  o 
Layzer  (1961) s t a t e s  t h a t  i f  t h e  l i f e t ime  t 
t h a n  2n/o 
a complete  g r a v i t a t i o n a l  o s c i l l a t i o n ,  But i f  a f l u i d  e l emen t  r e t a i n s  i t s  
11 I t  It 
t h e  Brunt-Vaisala  f r equency ,  g iven  by ( 1 9 ) -  
1 
9' 
of a t u r b u l e n t  eddy i s  g r e a t e r  
t h e n  i t  i s  p o s s i b l e  t o  f o l l o w  a t y p i c a l  f l u i d  e l emen t  t h rougnou t  
9' 
i d e n t i t y  f o r  such a l e n g t h  of  t ime t h e  motion i s  n o t  t r u e  t u r b u l e n c e .  
u s i n g  t h e  v a l u e  o = 2,4 x 10 sec we see t h a t  motions w i t h  time s c a l e s  




T h i s  v a l u e  o f  o may be i n  e r r o r  s i n c e  i t  i s  based on s t a n d a r d  atmosphere 
9 
c o n d i t i o n s  and an e x t r a p o l a t i o n  of C from t h e  v a l u e s  f o r  a i r  a t  low p r e s s u r e  
l a b o r a t o r y  c o n d i t i o n s .  which a r e  
t h e  two l e a s t  a c c u r a t e l y  known terms i n  o I t  i s  s e e n  t h a t  i n  t h e  range 
90-115 km t h e  g/C term c o n t r i b u t e s  more h e a v i l y  t o  o t h a n  t h e  aT/ a z  term. 
P 9 
Thus a l a r g e  u n c e r t a i n t y  i n  g/C, would r e p r e s e n t  a c o r r e s p o n d i n g l y  l a r g e  
P 
Table  8 shows t h e  v a l u e s  o f  a T /  a z and g/C 
P 
9 ' 
u n c e r t a i n t y  i n  . 
p r e v i o u s l y  deduced 
t u r b u l e n t  motion. 
motion w i t h  a time 
9 
P 
Consequent ly  i t  may be  t h a t  v a l u e s  of  tl - 400 s e c ,  
from t h e  chemical r e l e a s e  winds,  would r e p r e s e n t  t r u e  
B u t  i t  would be d i f f i c u l t  t o  r e c o n c i l e  a t u r b u l e n t  
s c a l e  of  100 minutes  o r  more w i t h  t h e  above argument.. 
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TABLE 8 
AND g/C VERSUS HEIGHT 













9 , 5 3  
9 .51  
9 , 4 9  
i L 0  7.00 9.47 
113 9 , 2 5  9 > 4 3  
I t  seems q u i t e  l i k e l y  t h a t  t he  f e a t u r e s  o f  t h e  mean winds cap. be e x p i a l n e d  
by a combina t ion  o f  t i d a l  waves and o t h e r  o r d e r e d  motion such a s  t h e  g r a v i t y  
waves proposed by h i n e s  (1959, 1960). I f  t h i s  i s  t h e  c a s e  t h e n  t r u e  t u r b u l e n c e  
w i l l  be conf ined  t o  t h e  s i z e  and time s c a l e s  d i s c u s s e d  h e r e  a s  be ing  a s s o c i a t e d  
wi th  t h e  t u r b u l e n t  motion. 
t h e  e x a c t  n a t u r e  of  t h e  motions he re  d e s c r i b e d  a s  t h e  mean winds,  and t o  
r e s o l v e  t h e s e  motions i n t o  t i d a l  wave, g r a v i t y  wave, and o t h e r  o r d e r e d  mot ions  
which may c o n t r i b u t e  t o  t h e  t o t a l  mean winds.  
F u r t h e r  work must be  done, however, t o  c l a r i f y  
ENERGY BALANCE OF THE MOTION 
If  t h e  f low i s  s t a t i s t i c a l l y  s t eady  t h e  ene rgy  b a l a n c e  e q u a t i o n  i s  
- 
E S  - E 9  + E t  
36 
e -  
~- 
l -  
where E i s  t h e  r a t e  p e r  u n i t  mass of atmosphere a t  which the t u r b u i e n c e  e x t r a c t s  
ene rgy  from t h e  wind s h e a r s  o f  the mean f low,  e i s  t h e  r a t e  p e r  u n i t  mass of 
a tmosphere a t  which t h e  t u r b u l e n c e  does work a g a i n s t  g r a v i t y ,  and i s  t h e  
r a t e  p e r  u n i t  mass of atmosphere a t  which t u r b u l e n t  ene rgy  i s  d i s s i p a p d  a s  
S 
g 
h e a t  by v i s c o u s  e f f e c t s .  The r a t e  of s u p p l y  c S  i s  g iven  by 
a u, 
h h e r e  t h e  U's a r e  components of the mean v e l o c i t y ,  t h e  u l s  a r e  components of 
t h e  t u r b u l e n t  v e l o c i t y  and t h e  X I S  a r e  c o o r d i n a t e s ,  x be ing  t h e  v e r t i c a i  
3 
c o o r d i n a t e ,  and x and x a p p r o p r i a t e  h o r i z o n t a l  c o o r d i n a t e s .  An o r d e r  o f  1 2 





€ s - L  
where v and L a r e  
e n e r g y  c o n t a i n i n g  
t h e  c h a r a c t e r i s t i c  t u r b u l e n t  v e l o c i t y  and s c a l e  of t h e  
e d d i e s .  
The mixing l e n g t h  t h e o r y  p rov ides  an approximate r e l a t i o n  f o r  E 
g 
- 3  L 
2 u1 u3  "9 
E = U L "  = 
9 3 m 9  (2) 
It !I I! 
where L 
f r e q u e n c y  g iven  by (19).  
i s  t h e  mixing l e n g t h  g iven  by ( 7 )  and a i s  t h e  Brun t -Va i sa l a  
m g 




where r] i s  t h e  k inemat i c  v i s c o s i t y  and ,Z i n d i c a t e s  summation o v e r  a f u i i  
C Y C  
c y c l i c  p e r m u t a t i o n  of  i n d i c e s .  If t h e  atmosphere i s  assumed i n c o m p r e s s i b l e  
i a U  t h e n  C 7 
x: 
= 0, from t h e  c o n t i n u i t y  e q u a t i o n ,  s o  t h e  l a s t  term i n  (28)  
I I 
would d i s a p p e a r .  I f ,  i n  a d d i t i o n ,  t h e  t u r b u l e n c e  i s  assumed t o  be i s o t r o p i c  
t h e n  i t  can be  shown ( T a y l o r  (1935) ) t h a t  
which can be reduced t o  
2 
s i n c e  t h e  terms i n  (29 )  a r e  n o t  a l l  i ndependen t  f o r  a n  i s o t r o p i c  f i e l d  and 
i n c o m p r e s s i b l e  flow. 
~- 
I *  The t u r b u l e n t  wind components of  wind d a t a  o b t a i n e d  from chemical  r e l e a s e  
c l o u d s  may be u s e d  i n  (25 )  and i n  (27) through (30)  t o  e v a l u a t e  E and E 
s 9 
and 
g i v e  t h r e e  s e p a r a t e  e v a l u a t i o n s  of E For t h i s  p rocedure  a v e r a g e s  such a s  t' 
u u 
h e i g h t  i n t e r v a l ,  u s u a l l y  abou t  2 km. The d e r i v a t i v e s  a r e  approximated by 
r a t i o s  of  f i n i t e  d i f f e r e n c e s  A ui/A x 
t h e  e n e r g y  terms, shown i n  F i g u r e  12, w i l l  be d i s c u s s e d  l a t e r  i n  t h i s  r e p o r t ,  
a r e  o b t a i n e d  by  a v e r a g i n g  over  a l l  wind d e t e r m i n a t i o n s  i n  a f i n i t e  i j  
The r e s u l t s  of t h e s e  e v a l u a t i o n s  of  
j '  
The manner i n  which a c loud  of  m a t e r i a l  d i f f u s e s  a f t e r  i n j e c t i o n  i n t o  
t h e  t u r b u l e n c e  o f f e r s  a n o t h e r  method f o r  e v a l u a t i n g  E Cote (1962)  summarizes 
t h e  t h e o r e t i c a l  r e su l t s  o f  s e v e r a l  a u t h o r s ,  Lin (1960), Tchen (1961 ), Bolgiano 
(1959)  and Rober t s  (1960) f o r  t h e  d i s p e r s i o n  law t h a t  shou ld  be fo l lowed  by t h e  




2 where < r > i s  t h e  mean squa re  s e p a r a t i o n  between p a r t i c l e s  of  t h e  i n j e c t e d  
m a t e r i a l ,  t i s  some a p p r o p r i a t e  r e f e r e n c e  t i m e ,  presumably t h e  time of  
i n j e c t i o n ,  and Z i n  ( 3 4 )  i s  a f u n c t i o n  of  t h e  a tmosphe r i c  p o t e n t i a l  d e n s i t y  
0 
f l u c t u a t i o n  and t h e  v e r t i c a l  t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s .  The r e l a t i o n s  
(31) ,  ( 3 2 ) ,  (33) ,  and (35) r e s u l t  from t h e  u s e  of d i f f e r e n t  forms o f  t h e  
t h e o r e t i c a l  e n e r g y  spectrum f u n c t i o n ,  which g i v e s  a d e s c r i p t i o n  of  t h e  
d i s t r i b u t i o n  of  t h e  ene rgy  w i t h i n  t h e  ene rgy  c o n t a i n i n g  e d d i e s .  Formula ( 3 4 )  
i s  based on B o l g i a n o ' s  t h e o r y ,  mentioned i n  a p r e v i o u s  s e c t i o n .  
The r e l a t i o n  ( 3 2 )  was f i r s t  deduced by B a t c h e l o r  (1950) from Kolmogoroff ' s  
s i m i l a r i t y  h y p o t h e s i s ,  I t  i s  t h i s  form o f  d i s p e r s i o n  which presumably h o l d s  
i f  Ko lmogoro f f ' s  p r i n c i p l e  i s  v a l i d .  
t h e  d i f f u s i o n  of  a c loud  i n j e c t e d  i n t o  t h e  t u r b u l e n t  f i e l d  would be 
The complete  r e l a t i o n  f o r  d e s c r i b i n g  
L 
3 d = -  l; E t  ( t  - to) 
where d i s  t h e  d i a m e t e r  of  t h e  cloud,  o r  t r a i l  o f  m a t e r i a l .  
F i g u r e  11 shows a p l o t  on log - log  s c a l e  o f  t h e  d i a m e t e r  squa red  o f  a 
g l o b u l e  v e r s u s  t - to. T h i s  i s  t h e  growth c u r v e  f o r  t h e  same g l o b u l e  shown 
i n  F i g u r e  9. I t  i s  s e e n  t h a t  t h e  p o i n t s  a t  e a r l y  times when t h e  g l o b u l e  i s  
go ing  th rough  t h e  l e v e l i n g  o f f  phase do n o t  f o l l o w  a power law, b u t  above t h e  
l e v e l i n g  o f f  s i ze  t h e  growth f o l l o w s  t h e  r e l a t i o n  ( 3 6 )  c l o s e r  t h a n  any o t h e r  
39 
of  t h e  d i f f u s i o n  formulas ,  t h e  a c t u a l  exponent  be ing  2.62 i n  t h i s  case .  
Each of  t h e  formulas  ( 3 1 ) ,  ( 3 2 ) ,  (33) and ( 3 5 )  i s  of  t h e  form 
( t  - t )a. 2 a- 2 < r  > - e t  
0 
(37 )  
I f  t h e  16/3 f a c t o r  of  (36)  i s  assumed, a l e a s t  s q u a r e s  f i t  o f  g l o b u l e  growth 
d a t a  t o  t h e  formula  
( t  - to)a 2 a- 2 d = 16/3 
can  be made by assuming some reasonab le  v a l u e  of t . 
s o l u t i o n  f o r  bo th  a and E t' 
+ - 0.4 rms. The r e s u l t a n t  
T h i s  procedure  a l l o w s  
0 
The average  v a l u e  t h u s  o b t a i n e d  f o r  a was 3.0 
d a t a  a r e  shown i n  F i g u r e  12. 
Data were a v a i l a b l e  p r i m a r i l y  i n  t h e  r e g i o n  from 92-108 km f o r  u s i n g  
i n  ( 2 5 ) ,  (27) through (301, and (37) .  A smal l  amount of  d a t a  were a l s o  
a v a i l a b l e  i n  t h e  range  108-112 km. 
( a  1- bz) were f i t  th rough t h e  d a t a  o b t a i n e d  by each  of  t h e s e  p rocedures .  
The r e s u l t a n t  cu rves ,  s t r a i g h t  l i n e s  on a semi- log p l o t ,  a r e  shown i n  F i g u r e  
12. The c u r v e s  from each  of t h e  three t u r b u l e n t  wind methods f o r  e v a l u a t i n g  
Func t ions  o f  t h e  a r b i t r a r y  form E = exp 
d i s a g r e e  among themselves  a t  some a l t i t u d e s  by  abou t  a f a c t o r  of  f i v e ,  and 
f o r  t h e  r e s u l t s  from (29)  and (301,  which should  y i e l d  i d e n t i c a l  v a l u e s  of  E 
i s o t r o p i c  incompress ib l e  f low,  d i s a g r e e  a t  some a l t i t u d e s  by abou t  a f a c t o r  of  
2. The curve  f o r  E o b t a i n e d  from g lobu le  growth r a t e s  i s  i n  r a t h e r  p o o r  
agreement  w i t h  t h e  o t h e r  E d a t a ,  e s p e c i a l l y  a t  low a l t i t u d e s .  There  was 
c o n s i d e r a b l e  s c a t t e r ,  however, i n  the  d a t a  p o i n t s  f o r  E from g l o b u l e  growth,  
some of t h e  i n d i v i d u a l  d a t a  p o i n t s  a c t u a l l y  f a l l i n g  i n  t h e  r e g i o n  of  t h e  o t h e r  
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Figure 11. Globule G r o w t h  on Log-Log Scale - Diameter 
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a l t i t u d e ,  changing by two o r d e r s  o f  magnitude o r  more i n  15 km, 
The c u r v e s  f o r  E and E show compara t ive ly  l i t t l e  v a r i a t i o n  w i t h  
a l t i t u d e ,  The aczua1 cu rve  f o r  E i s  g r e a t e r  i n  magnitude t h a n  E from 98b 
krn down, which i s  p h y s i c a l l y  un reasonab le ,  b u t  i t  shou ld  be r e a l i z e d  t h a t  
each  of t h e  c u r v e s  and E should have a n  u n c e r t a i n t y  of a b o u t  a f a c t o r  of 
two a t  each a i t i t u d e ,  




T h i s  E > c S  anomaly can be r e c t i f i e d  well  w i t h i n  
9 
o f  ct o b t a i n e d  by s u b t r a c t i o n  o f  t h e  E curve  from t h e  cu rve  by 
g 
E = E S  - E  ( 3 9 )  t 9 
a g r e e s  r e a s o n a b l y  well  w i t h  t h e  o t h e r  v a l u e s  f o r  E i n  t h e  h e i g h t  r ange  from 
100 t o  108 km, 
t 
The p o i n t  a t  which t h e  curve i n t e r s e c t s  t h e  c S  curve  shou ld  r e p r e s e n t  
t h e  a b s o l u t e  uppe r  l i m i t  f o r  t h e  e x i s t e n c e  o f  t u r b u l e n c e ,  s i n c e  a t  t h i s  i n t e r -  
s e c t i o n  p o i n t  t h e  r a t e  of e n e r g y  supply would be e q u a l  t o  t h e  r a t e  of  e n e r g y  
b e i n g  d i s s i p a t e d  by v i s c o u s  e f f e c t s  a l o n e ,  The h e i g h t s  of  t h e s e  i n t e r s e c t i o n  
p o i n t s  f o r  t h e  v a r i o u s  E c u r v e s  range from 104 t o  109 km, w i th  107  km r e p r e s e n t -  
i n g  a n  approximate mean, 
v a l u e  of  106 km f o r  t h e  tu rbopause  a l t i t u d e .  
t 
T h i s  107 km a l t i t u d e  a g r e e s  w i t h  t h e  obse rved  a v e r a g e  
I f  t h e  v a l u e s  v = 15 m/sec and L = 6 km are used i n  (26)  a s  t h e  a p p r o p r i a t e  
v a l u e s  of  rms t u r b u l e n t  v e l o c i t y  and s c a l e ,  a s  de t e rmined  from t h e  chemical  
r e i e a s e  wind d a t a ,  one o b t a i n s  t h e  va lue  e S  = 0,6 watts/kg. S i m i l a r l y  i f  one 
2 2  =. 11 m /sec , o = 6 x sec-2 and 
1 u3 g 
u s e s  i n  (27) mean v a l u e s  of  u 
aU1/ax, = 20 m/sec krn, which a r e  approximate a v e r a g e  v a l u e s  f o r  t h e s e  q u a n t i t i e s  
t h r o u g h o u t  t h e  h e i g h t  r ange  9 0  - 110 km, one o b t a i n s  E = 0.3 watts/kg. Both 
g 
43 
of  t h e s e  e s t i m a t e d  v a l u e s  ag ree  f a i r l y  well w i t h  t h e  c u r v e s  f o r  E and E i n  
F i g u r e  12, 
S 9 
t F i g u r e  13 shows a summary by L e t t a u  (1961) o f  v a l u e s  o b t a i n e d  f o r  E 
from d i f f u s i o n  and wind p r o f i l e  o b s e r v a t i o n s  i n  t h e  a l t i t u d e  r ange  from 1 cm 
t o  40 km. 
de t e rmined  from t h e  chemical r e l e a s e  d i f f u s i o n  and wind d a t a  i n  t h e  approximate 
h e i g h t  range 90 t o  110 km. I t  appea r s  from F i g u r e  13 t h a t  c o n t i n u e s  t o  
a e c r e a s e  w i t h  d e c r e a s i n g  a l t i t u d e  below 90 km, d i m i n i s h i n g  by an a d d i t i o n a l  
3 o r  more o r d e r s  o f  magnitude from 90 t o  30 km- 
The f i g u r e  a l s o  i l l u s t r a t e s  t h e  e t  v a r i a t i o n  v e r s u s  a l t i t u d e  a s  
CRITERIA FOR THE ONSET OF TURBULENCE 
Reynolds C r i t e r i o n  
Working on f l o w  expe r imen t s  i n  l o n g ,  s t r a i g h t  p i p e s ,  Reynolds showed 
i n  1883 t h a t  t h e  motion became t u r b u l e n t  when t h e  Reynolds number exceeded 
a c r i t i c a l  v a l u e  (= 2000). The Reynolds number i s  d e f i n e d  a s  
ud 
e ’ 7  
R = -  
where u i s  t h e  f low v e l o c i t y ,  d i s  t h e  p i p e  d i a m e t e r  and 7 i s  t h e  k i n e m a t i c  
v i s c o s i t y .  
I n  t h e  f r e e  atmosphere i t  i s  s t a b i l i t y  t h a t  p r i m a r i l y  d e t e r m i n e s  whether  
o r  n o t  t u r b u l e n c e  i s  p r e s e n t .  I f  t empera tu re  d e c r e a s e s  w i t h  a l t i t u d e  so t h a t  
t h e  r e g i o n  i s  g r a v i t a t i o n a l l y  u n s t a b l e  t h e  v e l o c i t y  g r a d i e n t  w i l l  a l m o s t  neve r  
be s o  small  t h a t  t u r b u l e n c e  w i l l  be i n h i b i t e d  by a low Reynolds number. When 
t h e  r e g i o n  i s  g r a v i t a t i o n a i l y  s t a b l e  t h e  f low w i l l  be l a m i n a r  i n  weak v e l o c i t y  
g r a d i e n t s ,  b u t  i f  t h e  v e l o c i t y  g r a d i e n t  i s  s u f f i c i e n t l y  l a r g e  t h e  r e g i o n  w i l l  
be t u r b u l e n t  i n  s p i t e  of  t h e  g r a v i t a t i o n a l  s t a b i l i t y .  
44 
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Consequent ly  t h e  Reynolds number h a s  l i t t l e  b e a r i n g  on t h e  e x i s t e n c e  
of t u r b u l e n c e  i n  t h e  h e i g h t  r eg ion  above 85 km and w e  must examine o t h e r  
c r i t e r i a  f o r  t h e  o n s e t  of t u rbu lence .  
Richardson ' s C r i t e r i o n  
R i c h a r d s o n ' s  t h e o r y  (1920) i s  based on t h e  assumption t h a t  i f  E > 0 t . .  
t u r b u l e n c e  exis ts .  From ( 2 4 )  i t  i s  s e e n  t h a t  t h i s  c o n d i t i o n  i s  e q u i v a l e n t  
to e S  - E > 0 o r  < 1. Llsing t h e  approx ima t ion  
9 
R i c h a r d s o n ' s  forms f o r  E and E a r e  
S 9 
- 2 - KE LO S 
2 
9 
= KC w (43) 
where cos = a U/a z. From t h e  e q u a t i o n s  (27 )  and (41 ) i t  i s  s e e n  t h a t  K C  = 
- - 
WL and KE = u w / ( a U h z )  o r ,  u s i n g  t h e  mixing l e n g t h  t h e o r y ,  K E  i s  d e f i n e d  by m '  
Richardson assumed K = K so t h a t  t h e  c o n d i t i o n  E < 1 i s  e q u i v a l e n t  t o  
t h e  Richardson number, R. be ing  l e s s  t h a n  1, where t h e  Richardson number i s  
d e f i n e d  by 






R .  = 
1 
O S  
(45 1 
T h e r e f o r e  t h e  Richardson c r i t e r i o n  may be o u t l i n e d  a s  
46 
, -  
e 
I C  
R. < 1 
R. > 1 
1 
1 
t u r b u l e n t  
1 ami nar .  
Townsend's C r i t e r i o n  
Townsend (1957)  developed a more e l e g a n t  c r i t e r i o n  f o r  t u r b u l e n c e  based 
F o r  t h i s  t h e o r y  on a n  ana logy  between t u r b u l e n t  motion and Brownian motion. 
t h e  q u a n t i t y  cot d e f i n e d  by 
i s  i m p o r t a n t ,  Using t h e  Brownian motion ana logy ,  Townsend a r r i v e s  a t  t h e  
r e s u l t  
Using t h i s  i n  ( 4 3 ) ,  E may be w r i t t e n  
g 
where k = 1 i f  t h e  Browpian motion ana logy  h o l d s  e x a c t l y ,  so k shou ld  be a 9 9 
c o n s t a n t  c l o s e  t o  u n i t y .  
Equa t ions  (47)  and ( 4 2 )  a r e  r e w r i t t e n  a s  
2 k w at 3 - -  € t - 2  t 
and 
- 
2 - -  2 k  w cos 
& S  5 s 




Def in ing  t h e  Richardson f l u x  number, R f ,  a s  
R =  2 
& S  
Townsend d e r i v e s  t h e  r e s u l t  
k k  75 q t 
Ri 
( 1 - R ) R  = - 
f f 16 L 2  
1, 
S 
The l e f t  hand s i d e  of  ( 5 2 )  i s  a minimum a t  Rf = -$ and a t  t h i s  p o i n t  Ri i s  t h e  
c r i t i c a l  v a l u e  R g iven  by i c  
1.2 K 
4 = 0,05.  - -  - R i c  - 75 k k 
g t  
The f l o w  w i l l  be t u r b u l e n t  f o r  a l l  R. < R . 
1 i c  
(53) 
Layzer  ' s C r i t e r i o n  
Layze r  (1961 ) ex tended  t h e  i d e a s  o f  Townsend by imposing t h e  a d d i t i o n a l  
r e s t r i c t i o n  o > o . T h i s  i s  t h e  same c o n d i t i o n  t < 2x/o d i s c u s s e d  i n  t h e  
s e c t i o n  on time s c a l e s  of t h e  motion. 
t h e  c o n d i t i o n  
t g  1 g 




R f < k  + 3 k  
g 
be t r u e .  Combining (52 )  and (54),  Layzer d e r i v e s  t h e  c o n d i t i o n  
where, a g a i n ,  t h e  flow w i l l  be t u r b u l e n t  f o r  a l l  R.  < R 
1 i c '  
O b s e r v a t i o n s  on Chemical Re lease  Wind Data 
(54) 
Townsend's and L a y z e r ' s  i n t e r i a  a r e  des igned  t o  e l i m i n a t e  q u a n t i t i e s  such  - - 
a s  uw and u 2  which a r e  c o n s i d e r e d  unknowns. The ma themat i ca l  s t e p s  of  t h e s e  
48 
I -.- 
i -  
t h e o r i e s  can be r e t r a c e d  making o n l y  t h e  assumption - 
k ,  wz 
W L  = - 
where k i s  of  o r d e r  u n i t y .  S t a r t i n g  w i t h  e q u a t i o n s  ( 2 7 ) ,  ( 4 1 ) ,  and ( 4 7 ) ,  i f  
a l l  t h e  q u a n t i t i e s  i n v o l v i n g  t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n s  a r e  r e t a i n e d  t h e n  
t h e  mod i f i ed  Townsend and Layzer c r i t e r i a  a r e  
j 
- 2  
(Townsend) 
2 2  
J 
(u2 + v2 + w ) k . w  
- 2  
[ u2 + v2  + w 2 ( 1  -f 2 k j )  ] 
2 (Layze r ) 
(57  1 
Each of  t h e s e  c r i t i c a l  v a l u e s  i s  on t h e  o r d e r  o f  0.01 f o r  t h e  wind d a t a  
o b t a i n e d  from t h e  chemical  r e l e a s e s .  
The a v e r a g e  Richardson number i n  t h e  h e i g h t  range 90-110 km i s  on t h e  
o r d e r  of u n i t y ,  however, so  t h a t  there i s  l i t t l e  chance o f  s a t i s f y i n g  Townsend's 
o r  L a y z e r ' s  c r i t e r i a  i n  t h i s  a l t i t u d e  r eg ion .  
Richardson number l e s s  t h a n  one have been c a l c u l a t e d  f o r  t h e  chemical  r e l e a s e  
wind d a t a  and t h e  r e s u l t s  a r e  shown i n  F i g u r e  14. I t  i s  s e e n  t h a t  t h e  maximum 
o c c u r r a n c e  i s  around 105 km, R. being less  t h a n  1 a b o u t  35 p e r c e n t  o f  t h e  time 
t h e r e .  A t  125 km t h e  o c c u r r a n c e  of R. < 1 h a s  f a l l e n  v i r t u a l l y  t o  z e r o  and 
a t  90 km R. i s  less t h a n  1 o n l y  about 10 p e r c e n t  of  t h e  time. 





From t h e  d a t a  p r e s e n t e d  h e r e  i t  seems t h a t  t h e  t u r b u l e n c e  obse rved  up t o  
a l t i t u d e s  n e a r  105 km i s  ambient  t u r b u l e n c e  produced by wind s h e a r s ,  and i s  
49 
g -' t 
I 
j , . : '  
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i s o t r o p i c  o n l y  f o r  s c a l e s  = 1 km o r  less.  
of 20 m i n  s i z e  w i t h  c h a r a c t e r i s t i c  v e l o c i t i e s  and times of  a b o u t  2 m/sec and 
10 s e c ,  The l a r g e s t  e d d i e s  a r e  a b o u t  6 km i n  s ize  w i t h  c h a r a c t e r i s t i c  
v e l o c i t i e s  and times of  a b o u t  15 m/sec and 400 sec.  
time i n t e r v a l s  a r e  c o n s i d e r e d  t o  be t h e  mean winds may have t u r b u l e n t  components 
o f  l a r g e r  h o r i z o n t a l  s c a l e  t h a n  6 km, and l o n g e r  time s c a l e  t h a n  400 s e c ,  b u t  
p r o b a b l y  t i d a l  waves and g r a v i t a t i o n a l  waves accoun t  f o r  most of  t h e  f l u c t u a t -  
i o n s  o f  t h i s  s c a l e .  
The s m a l l e s t  e d d i e s  a r e  on t h e  o r d e r  
The winds which o v e r  s h o r t  
There a r e  f o u r  p a r a m e t e r s  of t h e  t u r b u l e n c e  t h a t  depend on t h e  f a c t o r  
They a r e :  2 )  t h e  time s c a l e ,  




term i n  t h e  e n e r g y  b a l a n c e ,  E , i n  (27) ;  
(45) .  i 
and t were l a r g e r  and i f  R and E were s m a l l e r  t h a n  t h e  c a l c u l a t e d  v a l u e s .  
A l l  o f  t h e s e  c o n d i t i o n s  would r e q u i r e  o t o  be s m a l l e r  t h a n  t h e  c a l c u l a t e d  
v a l u e .  I t  may be t h a t  e q u a t i o n  (19)  f o r  o which i s  based on s t a n d a r d  
thermodynamic l aws ,  i s  n o t  a p p l i c a b l e  t o  t h e  n e a r  plasma c o n d i t i o n s  of  t h e  
100 km h e i g h t  r e g i o n ,  o r  i f  (19 )  i s  v a l i d ,  t h e  presumed v a l u e s  o f  C 
n o t  be  a p p l i c a b l e  a t  t h i s  a l t i t u d e .  
1 )  t h e  s c a l e  of  i s o t r o p y ,  l i ,  i n  ( 1 8 ) ;  
of  g r a v i t a t i o n a l  o s c i l l a t i o n s  g i v e n  by t = m/og; 
9’ 9 
4 )  t h e  Richardson number, R i ,  i n  
9 
The c o n c l u s i o n s  o f  t h e  p r e v i o u s  pa rag raph  would be s t r e n g t h e n e d  i f  1 




The u p p e r  h e i g h t  l i m i t  o f  t u r b u l e n c e  of s i z e  s c a l e  l ess  t h a n  6 km 
u s u a l l y  o c c u r s  w i t h i n  5 5 km o f  t h e  105 km l e v e l .  From t h e  d a t a  p r e s e n t e d  
h e r e  i t  a p p e a r s  t h a t  t h i s  c u t o f f  a l t i t u d e ,  o r  t u r b o p a u s e ,  i s  caused by t h e  
r a t e  of  ene rgy  s u p p l i e d  by wind s h e a r s  becoming t o o  sma l l  t o  m a i n t a i n  t h e  
t u r b u l e n c e  i n  t h e  p r e s e n c e  of  d i s s i p a t i o n  r a t e s  which a r e  i n c r e a s i n g  r a p i d l y  
w i t h  a 1  ti tude .  
51 
. 
The B a t c h e l o r  form o f  t u r b u l e n t  d i f f u s i o n  ( 3 2 )  h a s  been shown a s  most 
co r re spond ing  t o  observed growth r a t e s  o f  i n d i v i d u a l  g lobu les .  The a c t u a l  
exponen t  obse rved  f o r  t h e  d i f f u s i o n  power law was 3.0 +_ 0.4 rms. 
h a s  measured d i f f u s i o n  rates of  chemical  release t r a i l s .  H e  r e p o r t e d  t h a t ,  
w i t h o u t  f u r t h e r  s t u d y ,  i t  cou ld  no t  be shown c o n c l u s i v e l y  whether  o r  n o t  t h e  
d i f f u s i o n  power law observed f o r  t h e  t r a i l s  was d i f f e r e n t  from t h e  d 2  
r e l a t i o n  e x p e c t e d  f o r  d i f f u s i o n  of a t u r b u l e n t  wake o r  t u r b u l e n t  j e t .  Wake 
o r  j e t  t y p e  d i f f u s i o n  would presumably be produced by r o c k e t  g e n e r a t e d  t u r b u l -  
ence.  
Co te  (1962)  
2 t 
No t u r b u l e n t  d i f f u s i o n  measurements on t h e  expans ion  o f  complete  t r a i l s  
have been made y e t  by t h i s  group but  work i s  underway on such measurements. 
I f  a n  exponent  o f  3 were observed f o r  d i f f u s i o n  of  t r a i l s  a s  w e l l  a s  o f  
i n d i v i d u a l  g l o b u l e s ,  t h i s  would d e f i n i t e l y  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  t h e  
obse rved  t u r b u l e n c e  i s  i n  any way produced by t h e  r o c k e t  o r  t h e  e j e c t i o n  
mechanism. 
F u r t h e r  i n v e s t i g a t i o n s  o f  t h e  s p a t i a l  and time c o r r e l a t i o n s  of  t h e  
t u r b u l e n t  wind components a r e  planned. I n  p a r t i c u l a r ,  more a c c u r a t e  
approx ima t ions  t o  t h e  one dimensional  c o r r e l a t i o n  c o e f f i c i e n t s  g w i l l  
be e v a l u a t e d ,  and a s e a r c h  f o r  motion f l u c t u a t i o n s  o f  t h e  expec ted  time 
s c a l e  o f  400 s e c  w i l l  be c a r r i e d  out .  
ii 
P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  Tchen ' s  t h e o r y  (1954) i s  a p p l i c a b l e  t o  
t h e  motion and ene rgy  spectrum of t h e  mean winds f o r  v e r t i c a l  s e p a r a t i o n s ,  
b u t  t h a t  a Kolmogoroff motion spectrum may be fo l lowed  i f  t o t a l  s p a t i a l  
s e p a r a t i o n  i s  c o n s i d e r e d  i n  t h e  e v a l u a t i o n  o f  t h e  spectrum f u n c t i o n .  
52 
i 
I -  
i -  
I n  a d d i t i o n ,  i t  i s  hoped t h a t  f u t u r e  work can e s t a b l i s h  what p o r t i o n s  
o f  t h e  mean wind f e a t u r e s  a r e  a t t r i b u t a b l e  t o  t i d a l  wave, g r a v i t a t i o n a l  
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